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SUMMARY 



The low values of lift-drag ratio attained by supersonic wing 
configurations provide the opportunity for the utilization of an in- 
clined thrust axis. The exhaust jet of a ramjet propelled aircraft 
is inclined in order to use some of the jet force to supply additional 
lift. This has the effect of augmenting the lift by the relatively 
large sine component of the jet force whereas the thrust in the flight 
direction is reduced only by the smaller change in the cosine com- 
ponent . 

It was found that this principle offers a substantial decrease 
in fuel consumption over that of a normal ramjet for probable values 
of lift-drag ratios above Mach number 1.5. Almost all of the pos- 
sible decrease can be obtained with jet inclination angles of 15° or 
less . 
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INTRODUCTION 

This investigation has its origin in the low lift-drag ratios 
attainable in the supersonic flight range. It was reasoned that the 
thrust axis could be inclined at an angle and thus the lift of the wing 
would be augmented by the relatively large sine component of the 
jet force. The forward speed would be decreased only in propor- 
tion to the smaller change in the cosine component of the jet force. 
An inclined thrust axis ramjet would then require less wing area 
and consequently have less v/ing drag than a normal ramjet oper- 
ating at the same flight velocity. The purpose of this analysis is 
to investigate the relation between lift-drag ratio, angle of thrust 
inclination, and other applicable parameters, and to establish 
limits of probable gain by using an inclined thrust axis in the sup- 
ersonic flight range. The ramjet power plant was selected for 
comparison purposes because it offers the most practicable pro- 
pulsion system in the critical range of lift-drag ratios (Mach No. 
1.5 - 4 ). 

The analysis involves only elementary mathematics and is 
primarily concerned with the decrease in fuel consumption obtain- 
able by comparing an inclined thrust axis ramjet with a normal 
ramjet. The comparison of the two ramjets is made for three dif- 
ferent assumptions of weight conditions in level flight and two con- 
ditions in climb. The results are obtained in the form of relatively 



z. 



concise analytical expressions which are plotted for various weight 
conditions . 

There are technical aspects of an inclined thrust axis sys- 
tem that are not discussed herein as the main objective of this paper 
is only to show the theoretical feasibility of such a system. How- 
ever, the results indicate that the maximum benefits in fuel consump- 
tion can be secured with relatively small jet inclination angles, and 
this fact would be of engineering importance. It is believed that 
the parameters involved in this analysis can be adapted to any prac- 
tical configuration of a ramjet aircraft. 

The abbreviation, I.T.A. , will be used throughout this 
paper to mean inclined thrust axis. In formulas the subscript, 1 , 
will be used to denote a quantity pertaining to the inclined thrust 
axis ramjet, whereas the subscript, N , will denote a quantity per- 
taining to the normal ramjet with a conventional straight thrust 



axis . 
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I. NOTATION AND SYMBOLS 

Cross sectional area of ramjet 

Drag Coefficient 

Lift Coefficient 

Thrust Coefficient 

Ramjet exit velocity 

Drag 

Thrust 

Lift 

Lift Drag Ratio of the Wing 
Mach Number 
W ing / rea 
Flight velocity 
Weight 

Fuel-air ratio 
Acceleration of gravity 
Mass flow of air 
Mass flow of fuel 
Dynamic pressure 
Air density 

Ratio of mass flow of combustion products to mass of 
entering air 

Angle of climb 
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Angle of inclination of thrust axis 
Proportionality Constant 
Proportionality Constant £ = 



= D±_ 

me 



Proportionality Constant 
Dimensionless Parameter 



me 

cr = Ww 

SlV 





Subscripts 

Ramjet with inclined thrust axis 
Ramjet with normal straight thrust axis 
Pertaining to wing only and not entire airplane 
Engine 



body of aircraft 
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II. SUPERSONIC LIFT-DRAG RATIOS 

The application of the inclined thrust axis has a relative im- 
portance based on the low values of lift-drag ratios obtained in the 
supersonic flight range. Before discussing the inclined thrust axis 
principle , it is appropriate to consider the magnitude and variation 
of lift-drag ratio for different wing configurations. 

It is a well established fact that the lift-drag ratios of all 
types of wings tend to decrease with increasing Mach number in 
the supersonic flight range. By using radically swept wings and 
high aspect ratios , lift-drag values of ten or greater can be main- 
tained up to a Mach number of 1.4. However, as Mach number in- 
creases beyond this point the gain due to sweepfcack diminishes and 
the maximum lift-drag ratios steadily decrease. At Mach number 
four the lift-drag ratio for any wing configuration of practical thick- 
ness appears to be limited to about five . 

Reference 2 gives a good condensation of theoretical aerody- 
namic characteristics for various supersonic wing planforms . It 
is noted that while there Is some spread in lift-drag ratios for dif- 
ferent wing configurations below Mach number 1.5, above this speed 
there is a tendency for the maximum ratios to converge very closely. 
At Mach number four the lift-drag ratios for all wing planforms with 
practical thickness ratios are about the same. Values of lift-drag 
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ratio for a delta wing w’th 60 ° sv/eepback as given in reference 2 



are listed below for two thickness ratios . 
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where 



ing Thickness 
Wing Chord 



The above data are based on the assumption of a double wedge 
wing section. A thickness ratio of .02 would increase the values 
of lift-drag ratio at Z ~ .06 by the order of 20°/o to 30°/o. A thick- 
ness ratio cf .0? represents a good figure for present wing con- 



struction using a main spar type of structural support. 
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III. BASIC PERFORMANCE CHARACTERISTICS 
OF I.T.A. AND NORMAL RAMJETS 

Inclining the exhaust jet of a ramjet aircraft will modify the 
usual expressions for thrust and lift. The thrust will be reduced 
by a factor proportional to the cosine of the inclination angle . The 
total lift of the I.T.A. ramjet will consist of the lift of the wing plus 
an additional lift component proportional to the sine of the jet in- 
clination angle. The drag of the I.T.A. ramjet will be considered 
equal to that of the normal ramjet, (i.e. , inclining the thrust axis 
will not change the drag). The force of the inclined jet is assumed 
in all cases to act through the center of gravity of the I.T.A. air- 
craft. The two configurations are shown schematically below with 
the applicable expressions for thrust and lift in each case. 

A . Normal Rarnjet 



The thrust of the ramjet is obtained by computing the change 
in momentum between the inlet and exhaust stations. Considering 



v 



✓ 




C 



the inlet and exhaust pressures equal, the thrust is given as 
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= (*> + ty) C - hr>V 

or = Al(/<C-V ) 

where 

fv 

The quantity ^ is slightly greater than unity since the fuel-air ratio 
of a ramjet is of the order of .05 . In this treatment shall be taken 
equal to unity since it has a very small effect and this assumption 
will simplify the analysis . The thrust then becomes 

~ ft ( C ~ V ) £q. (1) 

The lift of a normal ramjet aircraft is simply the lift of the 

wing . 

/ - J. f>v z c L vS.. 

t-A/ Z ' L N £q. (2) 



B . Inclined Thrust Axis Ramjet . 




The change in momentum between inlet and exhaust stations 
of the I.T.A. ramjet gives a force which can be resolved into two 
components. The component in the flight direction is the thrust, 
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which is 



/J — /W [C cos - v) 



q • (3) 



The force component perpendicular to the flight direction is an ad- 
ditional lift force . 



A L ~ ft C Sih 



The total lift of the I.T.A. ramjet will consist of the lift of the wing 
plus the additional lift of the inclined jet force . 

,2 



£•1 — y- /° ^ /- /?} C 



Cq. (4) 



C . Difference in Fuel Consumption. 

Two ramjets are considered to be operating with the same 
fuel-air ratio but with different mass flows (/ft# and ). It is 
easy to show that for this case the fractional difference in fuel flow 
is equal to the fractional difference in mass flow. 

Fuel flow = ^ x ftf 



Difference in fuel 



now ‘ 



The fractional difference in fuel flow then becomes 

~~ — to Z 

fn f M ~ 



£q. (5) 



This relationship is the basis of all fuel consumption compar 
isons made in this paper . 
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IV. SIMPLIFIED ISVE1 FI IGHT COMPARISON 
OF I.T.A. RAMJET AND NORMAL RAMJET 

This section is a comparison of the fuel consumption of an 
I.T.A. ramjet with that of a normal ramjet for the case in which 
both aircraft have the same gross weight. This weight assumption 
is unfavorable to the I.T.A. ramjet which will require less wing 
area and, consequently, less wing weight. However, even under 
the assumption of equal gross weights, the I.T.A. ramjet will 
show a decrease in fuel consumption. This decrease results from 
the fact that the I.T.A. ramjet will have less drag because of the 
smaller wing area and hence will require less thrust for a given 
flight velocity. 

The purpose of this simplified analysis is to obtain an ex- 
pression for the decrease in fuel consumption of an I.T.A. ram- 
jet, based only upon the reduction in drag resulting frorr. the 
smaller required wing area. The effect of weight corrections 
will be discussed later. The following specific assumptions will 
apply to this case . 

Assumptions: 

l. The two configurations have the same flight and jet ex- 
haust velocities but different mass flows. This condition could 
be satisfied by using a different engine or the same engine with 



different inlet and nozzle areas. 



2. The two configurations have the same wing section, but 
I.T.A. type will have less wing area as part of the lift is obtained 



from the vertical component of the jet force . 

3. Wing and body interference effects will be neglected. The 
fuselage body will be assumed to contribute no lift due to aerody- 



namic shape . 

4 . The two configurations will have the same fuel-air ratio, 
but the weight of fuel added will be neglected. 

5 . The drag of the aircraft body will be assumed the same for 
both configurations . 

6. The two configurations will have the same gross weight. 
The I.T.A. ramjet will require less wing area and consequently 
less wing weight, but it is assumed in this case that the weight dif- 
ference will be made up by a greater payload for the I.T.A. ram- 
jet. 



Normal 



Inclined Thrust Axis 




C 



V 




Thrust = F~, ~ biN (c ~ ^ 




Lift = Lfj ~ £ f* t-i - t fr) z Csi>t<l> 



A. Reduction in Required W ing Area for I.T.A. Ramjet. 



For level flight the lift of each configuration is 
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L,j - W*/ ~ ~jr f* 

4-z ~ ~ S z j- /V t C S'* <fr 

Since the gross weights are equal, subtracting the two expressions 
for lift gives 

M p ~ ^ ~ *17 z C S/'t <fi 

I.et denote the decrease in required wing area. 



AS = S„ ~St = ^-C 



'<$• (6) 



epcc 



This can be expressed as a fractional decrease of the normal ram- 



jet wing area . 



AS = 

S fit 

A S 

S ss 



/77 r c _ hi z C S/n 4> 

W# Wx 

fz s '*> <fi 

Wz (cos <f> 



£q. (7) 
£q. (8) 



Equation (8) shows that the reduction in wing area increases 



as the thrust-weight ratio and jet inclination angle increase, and as 
the velocity ratio approaches unity. 



B . Reduction in Drag of the I.T.A. Ramjet Due to the Decrease in 
Required Wing Area . 

Since the body drag of the two configurations is assumed equal, 
the reduction in total drag will be simply the difference in the drag 




























3 
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v 



of the wings. The drag of a wing expressed in coefficient form is 




j- C B 



Let the difference in total drag be denoted by AD. 

AD - ±fit'Co (S„-Sz) - j-pt l CoAS 

Using the expression for AS from Equation (6), the reduction in 
drag is 



A D «= Hl. £ - hlzC S/J, (6 

where ^ is the lift-drag ratio of the wing alone . 



Eq. (9) 



C . Decrease in Fuel Consumption of I.T.A. Ramjet Due to Decrease 
in Drag . 

Since thrust equals drag for level flight, the thrust of the I.T.A. 
ramjet can be reduced from that required by a normal ramjet in an 
amount equal to the difference in drag. The obvious method of re- 
ducing the thrust and keeping the flight and exhaust velocities equal 
is to reduce the mass flow. The difference in fuel consumption will 
then be given by the difference in mass flow of the two configurations 
if they are operated at the same fuel-air ratio. 

The thrust required by an I.T.A. ramjet expressed in terms 
of thrust required by a normal ramjet of the same weight is 



F " fin — A 0 




Ft = hi„ (c-v) - 


/7?r c S,'* <f> 

L /b 



Eq. (10) 
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When this expression Is equated to Equation (3), it gives a rela- 
tion between the two mass flows . 

/Wf (C cot ^ - v) = (c - v} — r C sin 

% 

The ratio of the mass flows is 



foz _ 



C - v/ 

c ( s ±£ + <£) -V 



Eq. (11) 



Subtracting both sides of Equation (11) from unity gives the frac- 



tional reduction in mass flow which can be expressed in non-dimen- 



sional form . 



- l7j z 









+ Cos — l 



'D 



Eq. (12) 



From Equation (5), the fractional difference in fuel flow ia 
equal to the fractional difference in mass flow for the same fuel- 
air ratio. Equation (13) gives the fractional decrease in fuel con- 
sumption which results from the decreased wing drag of the I.T.A. 
ramjet. 



-/) / *>'* 



Cq. (13) 



r/ 
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V. LEVEL p LIGHT COMPARISON Oir I.T.A. 

AND NORMAL RAMJETS WITH WEIGHT 
CORRECTIONS INCLUDED. 

The I.T.A. ramjet will have leas total weight than a normal 
ramjet for the same performance (equal flight speed) in level flight. 
This weight decrease results mainly from the reduced wing area 
required by the I.T.A. ramjet. AI30, there will be the possibility 
of using a smaller engine with the I.T.A. configuration since tht- 
mass flow required is less than that for a normal ramjet. A small- 
er engine will give a reduction in body weight and also a decrease 
of body drag. 

This comparison is similar to the simplified case except 
that the condition of equal gross weights is no longer imposed. It 
is assumed that the I.T.A. ramjet will have less total weight. 

This weight decrease will consist of a reduction in wing weight 
proportional to the wing area and a decrease in body weight which 
will be proportional to the mass flow. It is also assumed that 
there will be a decrease in body drag of the I.T.A. ramjet which 
will be proportional to the mass flow. This comparison will have 
the effect of superimposing the above weight corrections upon the 
results obtained in Part IV. 

Assumptions: 

1 . The two configurations have the same flight and jet 
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exhaust velocities, but different mass flows. 

2. The two configurations have the same wing section, but 
I.T.A. type will require less wing area due to the additional lift 



3. Wing and body Interference effects, and lift due to body 
shape will be neglected . 

4. The two configurations will have the same fuel-air ratio, 
but the weight of fuel added will be neglected. 

5. The reduction in required wing area of the I.T.A. ramjet 
will result in a proportional decrease in wing weight (i.e. , wing 
weight i3 proportional to wing area). 



6. The reduction in required mas3 flow will give a decrease 
in body weight which will be proportional to the mass flow. This 
assumption represents the ideal case in which the body consists of 
ramjet engine alone . The actual case would have this assumption 
as an upper limit. 



of the inclined jet force . 




where 





where § ~ 






7. The reduction in drag of the body of the I.T.A. ramjet 



will be proportional to the decrease in mass flow. This is a con- 
dition to be expected, but the assumption is made chiefly to simplify 
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the analysis and, as shown later, the effect of this assumption ia 
small. 

~~ ^ z ~ ~ Mz) where o< — 

It should be noted that assumptions 5. to 7. may be sup- 
pressed by taking the proportionality constants a~ , & or oc equal 
to aero. In the event that all three proportionality constants arc 
assumed aero, the assumptions reduce to those of the former 
simplified case . 

The lift force equals the weight of an airplane in level flight. 
The difference in lift of the two wings is obtained by subtracting 
the equations for lift that apply in each case. 

Z - A//V 

Z. i — hZz ~ frt r £ 

Z # - Z £ - to* C S//> ■/- /v/v' - Z/jr 

Since the total weight consists of the wing weight and body weight, 
the total decrease in weight of I.T.A. rarnjet is 

W, — UZ z — — A/v r ) + ( A/^— 

By assumptions 5. and 6. , the weight decrease can be expressed 

as 



-A/ x = <r(S„-Sz) + £ (to* -fox) 



Eq. (14) 
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This relation substituted in the expression for difference in wing 
lift gives 

Lm - L, = to z cs;„# + < r(t M -^) 

e$Ci ' 

where f * V and are constants for both configurations. 

“* £ — for C /- € ( to* ~ tor ) 

7 / - a<r ~ 

The difference in drag of the two wings is obtained by multiplying 
both sides by the reciprocal of the lift-drag ratio. 



— DiVj- = tor C ^ / 6 (to* -for) 



The other condition for level flight is that thrust equals 
drag. The difference in thrust of the two configurations will be 
equa! to the difference in drag. 



L<q. (15) 



— to* ( c - v) — D* 

Fz = tor (Cwfi-v) = J>Z 

to# (c-v) - fr>z (c - y) ~ (&*/„' Aj) A &b„~ Q*z) 



Assumption 3. gives 

~ Dftj. - °< ( to* - tor) 



The difference in drag of the two wings becomes 

- 0 Wr = to„ (c-v- #) - to; (Cus t - v- «) 3q . (16) 
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By equating Equation (15) and Equation (16), a relationship between 
the two mass flows is obtained. 






The ratio of the mass flows becomes 



f77 z~ C ~ ^7/ ^ 




2 <r 
Pv*C L 



) 



*lz. _ 



/3 (c- v - <x) - £ 

/3 ( C cos <f> - >/- 0 <J V- C Si» <f> - B 



where 





ECr 



J 



Eq. (17) 



Dividing numerator and denominator by the exhuast velocity will 



give the mass flow ratio in terms of dimensionless parameters. 

frn _ /3{/-%-sj) ~ ^ 

>”» /3 (cos £-%-■%) + si„j> -% 

Subtracting both sides from unity gives the reduction in fuel flow 



expressed as a fractional decrease. 



to* - /77,- _ 4> 



to 



A/ 



/3 (cos# - *£ ) t S//, <f> - *£ 



(£q. (19) 



Equation (19) represents the level flight decrease in fuel con- 
sumption of an I.T.A. ramjet. This expression compensates for 
the weight and drag effects of a smaller body, in addition to the re- 
duced wing area corrections. It is directly evident that Equation (19) 
reduces to Equation (12) when and arc taken equal to 



zero . 
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VI. COMPARISON OF I.T.A. AND NORMAL 
RAMJETS FOR TK£ GENERAL CASE OF 
AIRCRAFT IN CLIMB 

For the high speeds considered, the time for a ramjet air- 
craft to climb to operating ceiling would be only a matter of a few 
minutes. However, since the fuel consumption at these high speeds 
is large , the time to climb would constitute an appreciable part of 
the flight duration of a supersonic ramjet. 

It was believed the I.T.A. ramjet would show a greater de- 
crease in fuel consumption in climb than in level flight, and the 
calculations in this section show this is true. The greater decrease 
in fuel consumption in climb over level flight results from the in- 
fluence of the angle of climb upon the reduced weight of the I.T.A.. 
ramjet. It will be shown in this section that if the weights of the 
two configurations are assumed equal, then the simplified expres- 
sion (Equation 12 which was derived for level flight) will also hold 
for climb. The assumptions for this case are the same as those 
of Part V for the aircraft in level flight, but here both ramjets 
are assumed to be operating at a small angle of climb. 

The two ramjet configurations are shown below with the 
equations for thrust and lift that apply in each case . 
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Normal Ramjet 



Inclin'd Thrust Axis Ramjet 
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tion gives equations from which the difference in wing lift can be 
obtained . 



^/v = C °S & 

jL x /■ C Si t) - k/z Cos & 

- (l*/„ - k/ x ) cos & + m z c s/n <j> 



Eq. (20) 



The equi librium of forces in the flight direction gives equations 
from which the difference in drag can be obtained. 



”/ k/f/ & 

^ sr 7* k/ z S/ft & 

&// ~ /Ox — *" f I k//Y - Ifi/x ) ^/ft & 

Q,~4r = (C- v) - ftjj (c cosj>-v) - (Wv-U/xjs/fe Eq. (21) 
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The difference in total weight can be expressed as 
~ Wx - (s* -S T ) + £(tv„-m z ) 

but <5* - Jj. = - Z -^- q.=J. pV z 

f c L j T z « 



so that 



V1 N - W z - -^Cl ^ T ) + ^ (h7 r/ -/V r ) 



,q. (22) 



Equations (20) and (22) can be solved simultaneously to give Equa- 



tions (23) and (24) 



~ w z - 



cr rriz C sih 
? C <- 



-/- i (tv*- fvz 



Eq. (23) 



('-fc L Coi6 ) 

L„ — L r — € Co * & (tn*r-tox) 



2q. (24) 

Multiplying both sides of Equation (24) by reciprocal of the lift- 



O-fc^e) 



drag ratio will give an expression for the difference in drag of the 
two wings . 



r, , /) , _ £ cos 6 (/v* - /Vx) -h hit C J//> 96 , 

W/s/ ~~ ■ ■■ - — — — n*q. (25) 

%0~fc cose) 

From assumption 4. the difference in drag of the wings is 

AvCv ~ D «x = " D z ~ * (ft* - Mr 



Substitute Equation (25) into left side and Equation (21) into right 
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side of the above expression 

6 cos 6 ( to* - fr)x ) -h to r C sin <]t> 



to„ (c- v) - tor (c cos j>- \i- <x) 
— Si* 0(^-^ 



Introducing Equation (23) into the term containing the difference in 
weight and letting 

* = 



gives 

£ Cos 6 ( ton - to j- tor C sit, <j> = B(%) n«(c~*-«.) 

— 8 (%) tni (Cc* -V-<x) 

— Mr Q~ S,n$ C sin <£> S L 1 

fC L \^>) 

— Sit, 6 ton' € S I * 0 /nr € 

The ratio of the mass flows becomes 



fT)n 



6 5/rt oj - € cas 8 

%[B(Qc«t-^) + sin 0( ££- Sin4>-t)\-t ceie fC s > n< j> " q * ^ 

f J 



In non-dimensional form the mass flow ratio for the general case is 

hu _ %[&(/-%-%)- J ~ %“’* 

*”« sfc^Bfcas + s,n6 (■^c L s ' , * >< ^ ~ %)J ~ C ° S ^ + 6lh< ^ 

The fractional decrease in mass flow for the general case is given by 
Equation (27) . 



fyn-tor 

AV 



jy[B(cos4>~i) + ^ Sin 6 J i Sin f 

%jp ( Ca5 i> -%-%) + 6 ( fc/ ; ^ ~%)] ’k** 6 * r/ * f 



Eq. (27) 
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where 9 = angle of climb 

= jet inclination angle 
s = 

By inspection it can be seen that Equation (27) reduces to Equa- 
tion (19) if the angle of climb is taken as zero. Furthermore Equation 
(27) will reduce to tue simplified case of Equation (12) if the parameters 

, and ^ are all taken equal to zero, 

c ^ c 
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VII. EVALUATION OF DIMENSIONLESS PARAMETERS 



The decrease in fuel consumption of an I.T.A. ramjet, as ex- 
pressed by Equations (19) and (27), has been plotted for a wide range 
of possible conditions and is presented graphically in Pigs . 1 to 8. 
Excluding lift-drag ratios which were covered in Part II, there are 
four other basic dimensionless parameters ( ^ , /3 , ^ and C-) 
which enter the above equations. A general range of values of each 
parameter had to be established in order to present significant data . 
The purpose of this section is to indicate the methods used in evalu- 
ating the dimensionless parameters. 

V 

A. Parameter ^ 

' c 

Values of the ratio of flight velocity to jet exit velocity can be 
determined from available ramjet performance calculations such as 
reference (4). The usual value of this parameter is near .5, and it 
is considered that a range of values from .3 to .7 would cover the 
practical limits. High values of this velocity ratio are advantageous 
for decreasing the fuel consumption of an I.T.A. ramjet. This occurs 
because, for constant thrust, the mass flow increases much faster 
than the exhaust velocity decreases, and the product of these two 
quantities will become infinite when the velocity ratio approaches 
unity . 

For constant thrust the exhaust velocity of a ramjet engine 



can be controlled by varying the mass flow or, with a given mass 
flow , by varying the nozzle exit area . It would not be practical to 
obtain a high velocity ratio by increasing the mass flow as this would 
lead to a larger engine size with increased body drag and weight. 
But, on the other hand, low values of the velocity ratio are desirable 
for maximum thrust with a fixed mass flow. Consequently, the 
selection of exhaust velocity for a particular I.T.A. ramjet design 
would present a compromise problem. 

B. Parameter /? = ^ ( /— ) 

/ 'O' fCt./ 

The term can bo expressed as the ratio of the weight of 

O 

the wing to the lift of the wing. 

< 7 ~ Wh/ lr/w 

fC u f Cl Stv L w 

For a normal ramjet^wing lift is equal to the gross weight, so that 
/3 becomes simply a function of lift-drag ratio and the ratio of wing 
weight to gross weight. 




From Part II, the maximum variation in lift-drag ratio is 10 
to 4 for supersonic wings at Mach numbers of 1.5 to 4, respectively. 
It is estimated that the variation in ratio of wing weight to total 
weight would range from 25°/o to 50°/o for supersonic ramjets. 

On this basis the limits for /3 are: 
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/ 3 W „. = /* (/-$) = *S 
X5W = “ zo 



mo*. 



The parameter B which enters the climb equations is evaluated 
in the same manner as /3 • 



If it is assumed that the drag of the body will vary from 20°/o 
to 40°/ o of the total drag, then for level flight the body drag will equal 
the same percentage of thrust. The product of mass flow and exhaust 
velocity can be evaluated from the thrust formula in terms of thrust 
and velocity ratio. 




C . Parameter — ^2>__ 

0 fr)C 



F= F ( C-V ) 





= /.V3 F 

/VC = 3.33 F 





D. Parameter ~ W 6 

^ me 

Fig. V-6d of reference 3 gives curves of net thrust per unit 



engine weight for various flight speeds and altitudes. These values 
are tabulated below for specific conditions. 
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Sea Level 


50,000 


ft. 


100,000 ft. 


M = 2 


* 

(1 

2 


M = 2 


M = 4 


M = 3 


18 


8 


7 


7 


2 



If It is assumed that the engine weight is a definite fraction of 



body weight (50°/o to 75°/o)» then ✓£ can be expressed as follows: 



£/ - 

c hie 



U/( 



vvet?Q 



c ' too* 



(*y\ . 

\'c) mm 



F 

= -L x £ x .7 = .7 



— a x. . 3 — . 02 . 2 . 

/8 3 



J2 . Values of Parameters Used for Weight Correction Curves. 

= .5 This is a conservative value of this parameter as the 

usual values are slightly higher than .5. 

/ 3 =3.33 This value was determined by using - 5 and a wing- 
to-total-weight ratio of one-third. The value of ^ * 5 
is reasonable for Mach numbers of two to four. 

^ = .1 This is a conservative value based on * .5 and body 

drag equal to 20°/o of the total drag. 



'C 



.4 This value would correspond to high altitude and = .5 
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VIII. DISCUSSION AND RESULTS 

The method of analysis yields concise and relatively simple 
analytical expressions for the decrease in fuel consumption. The 
decrease amounts to the reduction in fuel weight per unit distance 
since the decrease in mass flow of fuel is taken at a given flight 
velocity. General results indicate that the I.T.A. ramjet will give 
appreciable fuel savings in the supersonic range where lift-drag 
ratios of ten (10) or less are encountered. 

Figs . 1 and 2 are a plot of Equation (19) in which the param- 
eters ^ and are taken equal to zero. These graphs show the 
level flight decrease in fuel consumption of an I.T.A. ramjet con- 
sidering only the decreased weight and drag of the smaller required 
wing area. Figs. 1 and 2 may be considered to represent the mini- 
mum fuel consumption decrease , since the possible reduction in 
engine size is not taken into account. In Fig. 1 the effect of vary- 
ing /3 is shown to have a large effect on the general shape of the 
curves. For ^ = . 5 the decrease in fuel consumption of an I.T.A. 
ramjet varies from 3°/ c at/3 = 6 to over 2CP/ 0 at /3 *2. Fig. 1 
also shows that the jet inclination angle required for maximum de- 
crease in fuel consumption is dependent upon /3 . and this angle in- 
creases as /3 decreases. In Fig. 2 the effect of varying the vel- 
ocity ratio with constant /C3 (/3 = 3.33) is shown to give a decrease 
of 6 - 17% in the fuel consumption of an I.T.A. ramjet for values 
of £ * .3 to .8. 
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If the lift-drag ratio is substituted for the parameter /S , 

Fig. i will then represent a plot of Equation (12), oince/3 is equal 
to the lift-drag ratio when <T = 0. In this case i ig. 1 will show the 
reduction in fuel consumption due only to decreased drag of the 
smaller wing necessary for the I.T.A. ramjet. For a lift-drag 
ratio of four and velocity ratio of .5, there is a decrease of 5.5°/ 0 
resulting solely from the lower drag of I.T.A. ramjet wing. 

Figs. 3 to 6 are plotted from Equation (19) and show the ef- 
fect of reducing the size of the aircraft body in addition to the de- 
crease in wing weight and drag. These figures are plots in which 
the dimensionless parameters arc varied in order to show the in- 
fluence of each upon the decrease in fuel consumption. Fig. 3 
gives the effect of a change in ^ or ^ for constant values of/3 
and . Tine® /£ and ^ occur together in the equations, these 
two quantities could be combined into a single parameter. A 
change in ^ is equivralent to a change in ^ of the same amount. 

Fig. 3 shows that for the assumed values of the other parameters 

( /3 = 3.33, £-*.4, 3!r= .l)a maximum fuel decrease of 35% is 
C 

obtained by the I.T.A. ramjet at a ^ ratio of .7. 

Fig. 4 gives the effect of a change in with the other para- 
meters held constant. However, as shown in Section VII, the 
parameters ^ and are evaluated in terms of .In Fig. 5 

the parameter is varied with ^ , but is held at a conservative 
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small value. Comparing 2 ig . 5 with -l ig. 2 which includes only 
the v/ing weight correction, it will be noted that the additional as- 
sumptions of a decrease in body size and drag double the maxi- 
mum decrease in fuei consumption. Fig. 5 is representative of 
the upper limit of the maximum decrease in fuel consumption, 
whereas Fig. 2 i3 representative of the lower limit. Depending 
mainly upon the body configuration, the actual ramjet aircraft 
will be somewhere between these two limits , With /3 =3.33 and 
- .1, Fig. 5 shows u range of decrease in fuei consumption of 

9% at .3 and 25o/o at X: = .7. 

c c 

The basic effect of /3 upon the shape of the curves is demon- 
strated again in Fig. 6, in which /3 if* varied while the other par- 
ameters are held constant. Fig. 6 shows almost tv, ice the decrease 
in fuel consumption over that of 'ig. 2 for high values of / 3 , but 
this effect diminishes for lower values of /3 . 

Figs . 7 and 8 indicate that the decrease in fuel consumption 
of an I.T.A. ramjet is aided appreciably by angle of climb. This 
condition occurs as a result of the decreased wing and engine weight 
of the I.T.A. ramjet. Equation (27) for climb reduces to the simp- 
lified level flight case when the weight redactions are assumed 
zero. Fig. 7, which includes only the wing weight correction, 
shows a maximum decrease in I.T.A. ramjet fuel consumption of 
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13°/o at a climb angle of 15°. This compares with a value of 8% 
under the same conditions in level flight. In climb the effect of a 
decrease in body weight and drag is much greater than the decrease 
of wing weight and drag. Fig. 8. which includes the body correct 
tions, shows a maximum decrease of 35% for a climb angle of 
15°. This is almost three times the level flight value for the same 



conditions . 
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IX. CONCLUSIONS 



From the foregoing analysis the following conclusions are 
evident regarding the application of the inclined thrust axis prin- 
ciple to a ramjet aircraft: 

(1) As a result of the low values of lift-drag ratio for sup- 
ersonic wing configurations, an I.T.A. ramjet will give an ap- 
preciable reduction in fuel consumption for Iv^ach numbers great- 
er than 1.5 . 

(2) For a fixed thrust inclination angle, the maximum de- 
crease in fuel consumption will be primarily a function of lift- 
drag ratio and the ratio of flight velocity to jet exhaust velocity. 

For a velocity ratio of .5 the decrease will vary from 3°/o at a 
lift-drag ratio of ten, to 22<yb at a lift-drag ratio of four. 

(3) The decrease in fuel consumption increases with higher 
values of the ratio of flight velocity to exhaust velocity. A vel- 
ocity ratio of .? and a lift-drag ratio of four give a 30°/o reduc- 
tion in fuel consumption. 

(4) The maximum decrease in fuel consumption can be ob- 
tained with thrust inclination angles of less than 30° . Since the 
curves showing fuel decrease rise sharpiy, nearly all of the pos- 
sible decrease can be secured with inclination angles of 15° or less. 

(5) When the possible decrease in aircraft weight is consid- 
ered, the effective reduction in fuel consumption increases con- 
siderably for small angles of climb. 
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